Magnetic proximity detection systems (PDSs) used in underground mines occasionally generate false alarms when the miner-wearable component (MWC) is close to nearby conductors such as power cables. This is because the signals from the generators (antennas) of the PDS wirelessly couple to nearby cables, travel along these cables, and then couple back from the cable to a distant MWC to cause a false alarm. In order to manage such a false alarm, it is necessary to understand the basic near-field coupling characteristics from a generator to a long wire. Researchers from the National Institute for Occupational Safety and Health (NIOSH) have developed a method to measure such coupling characteristics for a ferrite-cored antenna to a straight wire. The method is introduced in this paper along with the test results.
INTRODUCTION
The coupling of electromagnetic (EM) fields to nearby long conductive lines is of great interest in many applications. EM coupling to micro-strip in integrated circuitry is part of the focus in microwave engineering [1] . EM coupling to long AC power transmission lines due to lighting strikes has been an area of extensive research to prevent power systems from being damaged by the high EM energy coupled to the lines [2] [3] [4] [5] [6] [7] [8] [9] . The generalized theoretical study of EM coupling to a wire is described in [10] [11] [12] . A model developed for the coupling from a small coil antenna to two parallel wires is described in [12] . These studies of electromagnetic coupling to lines are of practical interest to engineers concerned with predicting the effects of coupled EM energy to the electrical and electronic systems used in close proximity to these lines.
In this paper, an indirect method to experimentally measure the voltage induced on a long thin wire by a magnetic field generated from a small ferrite-cored coil antenna, as illustrated in Figure 1 , is introduced. The method was developed by the National Institute for Occupational Safety and Health (NIOSH) researchers in the coupling study. The coupling characteristics are derived from the induced voltages that would exist in the line. In Figure 1 , i is the current flowing through the antenna; this current excites a magnetic field. The EM energy couples to the long conductive wire spaced at a distance, d, from the antenna and perpendicular to the antenna. As shown in [12] , the induced voltage will be produced along the wire. Although it is known that this induced voltage exists, directly measuring the induced voltage is impractical because the induced voltage on the leads of a voltage meter cannot be effectively separated from the induced voltage on the wire. An indirect measurement method is thus developed in this study. 
BACKGROUND
Since 1984, there have been 44 fatalities involving the striking and pinning of operators and other workers by continuous mining machines (CMMs), and according to the Mine Safety and Health Administration (MSHA) database, 34 fatal accidents in underground coal mining have occurred since 2000 involving collisions with mobile equipment such as shuttle cars, scoops, and ram cars. One method used to prevent many of these accidents from happening is to utilize a magnetic proximity detection system (PDS).
A magnetic proximity detection system with an operating frequency often below 100 kHz can be mounted on a machine to constantly monitor the proximity of miners working near the machine and who may be at risk of being struck or pinned by the motion of the machine. These systems use machine-mounted generators (transmitting antenna) and miner-worn-receivers, referred to as the minerwearable component (MWC). The generators create radio frequency (RF) magnetic fields to cover the area surrounding the machine. The MWC worn by a worker continuously detects the magnetic field, and the proximity detection system determines the distance between the person and the machine with the measured magnetic flux density B.
Some machines such as CMMs have high voltage electrical cables attached to provide AC power. Due to space restrictions in the underground mine environment, the cables connected to various machines can run close to each other. Those cables can act as long receiving antennas to pick up signals from the generators of a nearby PDS through electromagnetic (EM) coupling. The coupled signals can propagate along these cables for a distance, and then be received by an MWC near the cables. Under certain conditions, these coupled signals can be strong enough to trigger an alarm causing the machine to shut down, even though the MWC is at a safe distance away from the machine. Nuisance alarms caused by unintentional magnetic signals coupled to a trailing cable pose a safety concern in underground coal mines. Researchers at NIOSH recently investigated the conditions under which a magnetic signal was coupled to a trailing cable connected with a commercial PDS. As a result of the investigation, a threestage coupling model was proposed and the coupling effects were characterized. Mitigation strategies were also developed [13] .
Signals from magnetic proximity detection systems have also been found to couple onto nearby steel wire mesh and alter the local magnetic field near the mesh, resulting in a change in the calculated location of an MWC positioned in close proximity to the mesh. In mines, steel wire mesh is affixed to the vertical and overhead surfaces of the underground opening to retain loose rocks and prevent them from falling on miners working in the mine.
The EM coupling creates unfavorable effects for proximity detection systems. However, the effects of coupling can be favorable for other applications in underground mine. Namely, medium frequency (MF) (300 kHz-3 MHz) communication systems used in underground coal mines take advantage of EM coupling to enable long distance communication. The operating frequency of an MF communication system used in underground mines is often below 500 kHz. The signal from an MF transmitting antenna can couple to long conductors such as AC power cables, land phone wires, and trolley cables. The signals can then travel along these conductors for kilometers in the underground openings before being received by a distance MF receiver near the conductors [14] [15] [16] [17] .
The generators used in proximity detection systems and the antennas used in MF communication systems have one thing in common: they are constructed with a coil wound around a ferrite rod core. The operating frequencies of these systems range from tens of kHz to hundreds of kHz. Within an underground coal mine, it is not uncommon for these generators and antennas to be within a meter of cable lines or long wires due to space restrictions. Understanding the basic coupling characteristics of a ferrite-cored antenna to a nearby long wire in this frequency range is essential to developing methods to reduce the adverse effects of such coupling on proximity detection system performance and to optimize coupling efficiency for communication systems that rely on coupling. NIOSH researchers have thus developed a method to experimentally measure the coupling characteristics from a ferrite-cored antenna to a long wire. The method along with the experimental results is introduced in this paper.
METHOD DEVELOPMENT
Several considerations were taken into account during the development of the indirect method to measure the induced voltage on a long conductor near a ferrite-cored antenna. The maximum distance, d max , between the transmitting antenna and the wire is set to be a meter since this distance is of greatest interest in underground mining applications. Only signal frequencies below 650 kHz are considered as operating frequencies used in currently available proximity detection systems and MF communication systems are all well below this frequency. A magnetic wave for a frequency below 650 kHz can be hundreds or thousands of times longer than d. Therefore, the magnetic field propagation time would be negligible for these measurements. Similarly, the nulls in the magnetic wave are not considered in this method because they occur far from the antenna. The magnetic field generated by an antenna is non-uniformly distributed in the space around the antenna. Close to the antenna, the magnetic flux density, B, is high, and it decreases with increasing distance from the antenna. The induced voltage on a line is, therefore, non-uniformly distributed and can be obtained as the integral over the total length of the line [12] . The Maxwell-Faraday law is used to describe this induction.
The Maxwell-Faraday equation as shown in Equation (1) governs inductive coupling [18, 19] . Equation (1) states that the total voltage induced, v, in a closed wire loop is proportional to the rate of change of total magnetic flux enclosed by the loop. In (1), the vector E is the electric field strength produced on the infinitesimal length vector, dl, of the wire in length of l by the magnetic field changing with time; and B is the magnetic flux density vector through the infinitesimal surface ds. Figure 2 graphically illustrates such a coupling scenario from a ferrite-cored rod antenna to an air-cored circular antenna with a radius of r. The distance between the center of the ferrite-cored antenna and the edge of the air-cored circular loop antenna is d. The induced voltage on the circular loop antenna, according to (1), will be v. This induced voltage on such a loop can be experimentally measured with a voltage meter at a small opening in the circular antenna.
The receiving circular antenna shown in Figure 2 is by no means a straight wire. However, when r approaches infinity, the circular antenna approaches a straight line, and the induced voltage on it approaches the maximum at the given distance of d from the transmitting antenna to a straight line. In this paper, this maximum voltage is defined as the induced voltage from a ferrite-cored antenna to a straight line at the distance d. From a practical standpoint, it is still difficult to construct a circular antenna with a radius large enough to be considered to approach infinity. However, a series of smaller circular antennas can be constructed with progressively larger radii, r k , k = 1, 2, . . . , n, from which a series of induced voltages, v r1 , v r2 , . . . , v rn , can be obtained, as illustrated in Figure 3 . With these induced voltages measured, a converging function, v(r) as shown in the right-hand side of Eq. (2), for induced voltage with respect to a loop radius of r can be constructed. The maximum induced voltage, V , on the straight wire can thus be obtained from Eq. (2) by finding the limit as r → ∞ at the given distance d. This is the basic concept for the method developed.
Experimental data show that with a given antenna current, the voltage function can be empirically modeled as the function v(r), which has a form given in Eq. (3), and in which A is a positive constant in volts, and M is also a positive constant in units of inverse length. M is the change rate of induced voltage with the circular antenna radius. The maximum induced voltage V on the straight wire is then A, obtained from Eq. (4) for the given distance d from the transmitting antenna to the straight wire.
Repeating this process with the same antenna current and various values of d yields a series of voltages induced on the wire, V d1 , V d2 , . . . , V dn . With a sufficient number of induced voltages obtained, a function of induced voltage u(d) with respect to the distance between the ferrite-cored antenna and the wire can be constructed. Modeling from experimental data shows that the function can be expressed in the form shown in Eq. (5) . Here, C is a constant in unit of voltage, and K is a constant of change rate of the induced voltage on the wire with respect to d. Both constants are dependent on electrical and magnetic properties of the ferrite-cored antenna and antenna current. The expression (6) can be used to obtain the coupling characteristics, c ch (d), which are independent of the given current in the ferrite antenna. In Eq. (6), d 0 is a reference distance between the ferrite-cored antenna and the wire.
An inspection of Figure 3 reveals that the voltage on the straight wire is induced from the total magnetic flux Φ over the entire area on the right-hand side of the wire, which is shown as the shaded area in Figure 4 . This suggests that induced voltages from a series of square receiving antennas with different side lengths of s, instead of circles, can also be used to construct the induction function as shown in Figure 5 . As the side length s approaches infinity, the magnetic flux, Φ, also approaches an area covering the entire area on the right-hand side of the wire. In this case, Eqs. (2), (3), and (4) need to be slightly modified to Eqs. (7) , (8) , and (9), respectively, in which s denotes the variable of the side length of the progressively larger square receiving antennas. 
EXPERIMENT
An experiment was conducted according to the method described in the preceding section to indirectly measure the coupling characteristics from a rod ferrite-cored antenna to a wire. This was conducted for two antennas; one (Antenna 1) with a 36-turn winding mounted on a core size of 25.4 mm × 190.5 mm with relative permeability µ ≈ 2000 for f < 3 MHz, and the other (Antenna 2) with a 35-turn coil mounted on a core size of 76.2 mm × 457.2 mm with µ ≈ 900 for f < 8 MHz as shown in Figure 6 .
In the experiment, square receiving antennas were used because they were relatively simple to make. Figure 7 shows the block diagram of the experimental system. An Agilent 22330A signal generator feeds a sinusoid signal to an E&I RF 2010L amplifier; the amplifier provides a steady current to the antenna. The antenna circuit consists of a capacitor and the antenna itself to form an LC resonating circuit at an operating frequency. A total of 18 square antennas were made and affixed on a plywood platform that was sized 4.86 m × 4.86 m. Each of the square antennas were constructed of 3 to 8 separate pieces of wires, which were connected together in series to form a complete loop antenna only when induced voltage was to be measured on that particular antenna. AWG 22 (0.644 mm diameter) of multiple string copper wire was used to construct the square antennas.
The photo in Figure 8 shows the square antennas on the platform. The current flowing through the transmitting antenna was monitored with a current probe and measured with a Fluke 125 multimeter. A constant current was maintained throughout the process of voltage measurements on all of the square antennas for all of the distances of d at a given frequency for each of the transmitting antennas.
The experiment site was a parking lot with the ground covered with an asphalt surface. The site was selected because it had no large metal masses nearby. Before conducting the experiment, a pre-experiment system test was conducted to determine what, if any, impact the ground had on the measurements of induced voltage. In this pre-experiment test, a small platform 2.44 m × 2.44 m was set at heights of 0.4 m and 1.2 m from the ground, successively, to obtain two sets of induced voltage data from nine square antennas, with their side lengths of 500 mm, 750 mm, 1000 mm, 1250 mm, 1500 mm, 1750 mm, 2000 mm, 2250 mm and 2410 mm. Eight distances were used between the transmitting and the square antennas: 160 mm, 200 mm, 250 mm, 300 mm, 350 mm, 400 mm, 450 mm, and 500 mm. 300 kHz was chosen as a test frequency in this pre-experiment test. The induced voltages on the square antennas at each given distance between the transmitting and square antennas at heights of 0.4 m and 1.2 m from the ground were compared. The average difference was 0.41%, the maximum was 1.31%, and the minimum was 0.26% with the majority of the differences falling below 1%. These results suggested that the impact of the ground could be negligible.
A larger plywood platform of 4.86 m × 4.86 m was then constructed to accommodate additional square antennas. In addition to the original eight antennas with side lengths of 500 mm, 750 mm, 1000 mm, 1250 mm, 1500 mm, 1750 mm, 2000 mm, and 2250 mm, an additional 10 antennas were constructed with side lengths of 2500 mm, 2750 mm, 3000 mm, 3250 mm, 3500 mm, 3750 mm, 4000 mm, 4250 mm, 4500 mm, and 4750 mm. The platform was elevated to 1.85 m to make it easy to connect the pieces of wires from underneath the platform to form a complete square antenna under measurement and disconnect them after completion of the measurement.
The experiment began with a distance, d 1 , set between the transmitting antenna and square antennas. The induced voltage on each of the square antennas was measured one after another at this distance. This procedure was then repeated for different distances, d 2 , d 3 , . . . , d 10 , at the same frequency. After that, the same procedure was repeated for another frequency and another antenna. The induced voltages were used to derive the coupling characteristics for each of the ferrite-cored antennas at the given frequencies.
In the experiment, Antenna 1 was used to obtain its coupling characteristics at frequencies of 73 kHz and 300 kHz, while Antenna 2 was for 595 kHz and 664 kHz. 
RESULTS
In the experiment, the current to Antenna 1 was maintained at 4.363 A with 73 kHz and then at 1.758 A with 300 kHz. Figure 9 shows two sample sets of the measurements of the induced voltages on the square antennas at d = 460 mm between Antenna 1 and the square antennas at 73 kHz and 300 kHz. Their data fit model functions are also given as a plot in the figure with their expressions in Eqs. (10) and (11) for 73 kHz and 300 kHz, respectively. Consequently, the maximum voltages of these can be obtained from Eqs. (12) and (13) for 73 kHz and 300 kHz, respectively. These expressions give the solutions of 0.5586 V for 73 kHz and 0.8487 V for 300 kHz at d = 460 mm. 
Following this procedure, the total of ten maximum line voltages were thus obtained for ten different distances, d 1 , . . . , d 10 ; these are shown graphically in Figure 10 . The blue diamond markers in the figure represent the line voltages for 73 kHz, and the square red markers for 300 kHz. The induced voltage functions obtained from both sets of the voltage data are given in Eqs. (14) and (15) for 73 kHz and 300 kHz, respectively. All of these empirical data shown here fit the form shown in Eq. (5). These coupling functions were valid only for the currents applied to the transmitting antenna. To make them current-independent, a reference voltage v 0 (d 0 ) at reference distance d 0 = 0.16 m was selected, and Eq. (6) was applied to obtain Eqs. (16) and (17) for 73 kHz and 300 kHz, respectively; these are their respective coupling characteristics (c ch ) functions with respect to d independent of the current. 
The same procedures were applied to Antenna 2 at frequencies of 595 kHz and 664 kHz. Figure 11 shows the plots of the measured induced voltages and their models at d = 610 mm between Antenna 2 and the square antennas, with their data fit model functions shown in Eqs. (18) and (19) . The coupling Induced voltages on the square antennas at a distance of 460 mm from Antenna 1 at 73 kHz and 300 kHz with the data fit curves. Comparison of the coupling characteristics of two antennas to the line at different frequencies.
characteristics functions with this antenna were obtained in a similar process and are given in Eqs. (20) and (21). Figure 12 provides a graphic comparison of the coupling characteristics functions of Eqs. (16) , (17), (20) , and (21). They are all independent of their individual exciting sources. 
DISCUSSION
As shown in Figure 12 , the two coupling characteristics for Antenna 1 are notably different from the two for Antenna 2. The coupling loss with Antenna 2 is much less than that with Antenna 1. This suggests that a large antenna size causes higher coupling efficiency; Antenna 2 is much greater in all of the dimensions despite the fact that its permeability (µ ≈ 900) is much less than that of Antenna 1 (µ ≈ 2000). The study referenced in [20] also indicated that antenna size is one of the factors in determining efficiency of magnetic coupling. This also suggests that for near-field coupling, an antenna cannot always be regarded as a dimensionless point or that an approximated result can depart from the true value significantly. This further suggests that reducing the size of an antenna can effectively reduce energy coupled from the antenna to a line. On the other hand, increasing the dimensions of the antenna can increase the energy coupled to a nearby line if the coupling is desirable in a communication system. Figure 12 also shows the similar coupling characteristics for two different frequencies for a given antenna. This suggests that the electromagnetic properties (including permeability) of the medium of the magnetic field are the major influential factors to the coupling characteristics for a given antenna. In this experiment, most of the medium was air, and a small part of it was composed of asphalt and soil. These materials have relative permeability µ ≈ 1 with a low conductivity for the frequencies tested. Because air has almost the same electromagnetic properties in a much wider frequency range than that used in this experiment, this suggests that the coupling characteristics would be expected to be similar over a wide frequency range for a given antenna having a fixed permeability for its core.
Although the experiment showed similar coupling characteristics for frequencies for a given antenna, as shown in Figure 9 , the induced voltage can vary with frequency. The higher the frequency, the higher the induced voltage that was measured. In this case, the exciting current for 300 kHz was even lower than that for 73 kHz. This is because the induced voltage on a line is proportional to the magnetic flux change rate (dΦ/dt) according to the Maxwell-Faraday law. For a situation in which the coupling can potentially cause systems to malfunction, shifting the system operating frequency downward may result in lowering the induced voltage. On the other hand, shifting the operating frequency upward may result in boosting the induced voltage.
Lastly, several cables can often be found in a mine tunnel, and each of them can be positioned at a different relative orientation to and at different distances from antennas in the mine. The coupling characteristics of each scenario can be determined individually with the procedures introduced in this paper.
LIMITATIONS
This paper presents the test results from only one experimental setup. In this setup, the antenna was perpendicular to the line. The procedures introduced in this paper can apply to a setup in which the antenna can be at any orientation. The coupling characteristics obtained would then be expected to be different from those obtained in this experiment. Nevertheless, the results presented in this paper can serve as a baseline for reference.
One major limitation of the method presented in the paper was that this method was designed for low-frequency coupling measurement and has been used to obtain the coupling characteristics for a signal below 664 kHz. Its validity needs to be tested if a higher frequency signal is used.
Another limitation is that for an experimental system set in an open space, a high current may be required to the transmitting antenna in order to produce a strong magnetic field. A high signal-to-noise ratio for induced voltage on the square antennas can, then, be maintained because the square antennas can also pick up signals from nearby AM radio stations and other environmental electromagnetic noise.
A final limitation is that observation showed that daily temperature fluctuations caused the antenna current to fluctuate for the system set in an open space resulting in a fluctuation of induced voltage measurements. A frequent current adjustment may be needed to maintain steady current if a high daily ambient temperature swing is encountered.
CONCLUSIONS
A method to experimentally obtain the near-field coupling characteristics from a small ferrite-cored rod antenna to a conductive wire is presented in this paper along with an experimental setup and the experimental results. The method applies to a signal up to the low end of the medium frequency band (less than 644 kHz). The results show that similar coupling characteristics functions were obtained for two signals at two different frequencies with a given transmitting antenna. The results also show that the size of the antenna could affect the coupling characteristics with increasing size correlating to increased coupling. Furthermore, the results showed that a higher induced voltage was associated with a higher frequency for a given antenna.
The findings given in this paper can be used to develop a method to decrease (such as would be desired for a proximity detection system) or increase (such as would be desired to increase efficiency of a communication system) the coupling effect for electrical and electronic systems and devices used in underground mines. Improving the performance of these systems could effectively make underground coal mines more electromagnetically compatible and safer for miners.
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